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ABSTRACT
Bioenergy is a critical element in many national and international climate change mitigation efforts, including as a carbon dioxide 
removal strategy combined with the capture and durable geological storage of flue gas emissions (BECCS). However, divergent results 
on the effectiveness of bioenergy as a climate change mitigation measure are reported in the scientific literature. Climate impacts 
of bioenergy depend on case-specific factors, primarily biophysical features of the biomass production system, and the design and 
efficiency of conversion and capture processes. Estimates of climate impacts are also strongly affected by methodological choices 
and assumptions, and much of the divergence between studies derives from differences in the assumed alternate use of the land or 
feedstock, the alternate energy source and the system boundaries applied. We present a methodology to support robust estimates of 
the climate change effects of bioenergy systems, updating the standard methodology developed by the International Energy Agency's 
Technology Collaboration Program on Bioenergy. We provide guidance on the key choices including the reference land use and 
energy system that bioenergy is assumed to displace, spatial and temporal system boundaries, co-product handling, climate forcers 
considered, metrics applied and time horizon of impact assessment. Researchers should consider the whole bioenergy system in-
cluding all life cycle stages, and choose system boundaries, reference systems and treatment of co-products that are consistent with 
the intended application of the results. The assessment should be normalised to a functional unit that can be compared with other 
systems delivering an equivalent quantity of the same function. All significant climate forcers should be included, and climate effects 
should be quantified using appropriate impact assessment methods that distinguish the impact of time. Consistency in methodology 
and interpretation will facilitate comparison between studies of different bioenergy systems.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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1   |   Introduction

Bioenergy, both without and with carbon capture and storage 
(BECCS), is anticipated to play a key role in meeting the tem-
perature goal of the Paris Agreement (IPCC 2018). However, the 
climate benefits of bioenergy systems have increasingly been 
questioned. With respect to forest-based bioenergy, some studies 
show large ‘carbon debt’ or foregone sequestration that may take 
decades to repay before delivering climate benefits (e.g., Hudiburg 
et al. 2011; Schulze et al. 2012; Kallio et al. 2013; Pingoud et al. 2016; 
Soimakallio et al. 2016; Walker et al. 2010), whereas others show 
that benefits can also be immediate (e.g., Abt et al. 2012; Cintas 
et al. 2016; Favero et al. 2020, 2023; Gustavsson et al. 2015; Lamers 
and Junginger 2013). In the case of annual bioenergy crops, some 
studies raise concerns over direct and indirect land use change 
(iLUC), high N2O emissions and loss of soil organic matter (e.g., 
Fargione et  al.  2008; Gibbs et  al.  2008; Searchinger et  al.  2008; 
Yang and Suh 2015) and payback times of many decades (Yang 
and Suh 2015), whereas others demonstrate substantial net climate 
benefits (Sydney et al. 2019), payback of less than a year (Elshout 
et al. 2019), and that displacement effects can even reduce the need 
for annual crop production elsewhere (Englund et al. 2023).

These widely divergent results present a confusing picture for 
policy-makers and energy consumers. While some differences be-
tween studies relate to fundamental differences between bioenergy 
systems, others arise from analytical choices made by the analyst 
as well as through interpretation of the results. Bioenergy systems 
differ with respect to biomass source (e.g., forest or crop residues, 
purpose-grown crops, processing wastes), bioenergy products 
(solid, liquid or gaseous fuels, with different properties and appli-
cations), conversion technologies (ranging from open fire combus-
tion to advanced technologies for liquid biofuels) and facility scale. 
These factors all contribute to divergent results between studies of 
different bioenergy systems (e.g., Cherubini et al. 2009). Variations 
arising due to differences in the analytical methods, such as the 
system boundary, handling of co-products, spatial scale, land use 
scenarios and treatment of time, can have a large impact on the 
results (e.g., Benoist et al. 2012; Brandão et al. 2019). In addition, 
interpretation of the results is sometimes not consistent with the 
methods applied (Agostini et al. 2019). It is critical that analysts are 
aware of the impacts of their choices, that they apply transparent 
methods suited to the intended application and that the interpreta-
tion is consistent with the methods used. Application of consistent 
approaches will support valid comparisons between studies. The 
need for guidance on the selection of suitable methods, to support 
enhanced consistency, has been widely recognised (e.g., Agostini 
et al. 2019; Muench and Guenther 2013; Roos and Ahlgren 2018).

This paper presents the standard methodology for quanti-
fying climate change effects of bioenergy developed by the 
International Energy Agency's Technology Collaboration 
Program on Bioenergy. It expands and updates the earlier ‘stan-
dard methodology for greenhouse gas balances of bioenergy sys-
tems in comparison with fossil energy systems’ (Schlamadinger 
et al. 1997), incorporating recommendations from recent pub-
lications by the IEA Bioenergy research network, plus other 
relevant literature. Our aim is to support researchers, policy ad-
visors and decision makers in government and non-government 
sectors to evaluate climate effects of bioenergy and BECCS using 
consistent and valid approaches, methods and assumptions that 

are suited to the purpose of the assessment and to appropriately 
interpret and apply the results. The methodology is intended 
to provide a comprehensive understanding of climate effects, 
when the goal is to inform policy development. We also provide 
guidance on methods that are applicable for routine application, 
such as in policy implementation. The methodology presented 
is equivalent to a framework standard, describing the scope, 
conceptual approach and elements to include. It could form the 
basis for development of a more detailed technical specification.

Forest-based bioenergy is a particular focus of the paper because 
it presents several complexities for analysis of climate change 
effects. Quantifying climate effects of bioenergy based on bio-
mass from agricultural systems is also discussed, and specific 
guidance for assessment of BECCS systems is also included. The 
majority of the guidance is applicable to all bioenergy systems.

We first discuss basic concepts such as the carbon cycle, life 
cycle perspective and the timing of emissions and removals in 
forest bioenergy systems. Then we examine key issues in quan-
tifying the climate effects of bioenergy, including the modelling 
approach, selection of spatial and temporal boundaries and the 
handling of co-products. The role of non-GHG climate forc-
ers and the choice of methods to measure climate impacts are 
briefly considered. Finally, we provide recommendations to 
guide climate impact assessment of bioenergy.

2   |   Key Concepts

2.1   |   The Carbon Cycle and ‘Carbon Neutrality’

Fossil fuel use causes emissions of carbon (as CO2 and CH4) that 
has been securely stored in geological formations for millions 
of years and that is not replenished over human-relevant times-
cales. It can therefore be regarded as an irreversible flow of car-
bon from geological reservoirs to the atmosphere. Any fossil fuel 
emissions arising from the production, processing and transport 
of biomass and bioenergy products need to be included when 
calculating the climate effect of bioenergy.

In contrast to fossil fuels, bioenergy systems influence the short-
term carbon cycle (driven by photosynthesis, respiration, decay 
and combustion) and can affect the storage of carbon in other 
bio-based products. Bioenergy is carbon neutral in regard to ac-
tual biogenic carbon flows if producing and using the biomass 
for bioenergy results in zero or negligible net emissions of bio-
genic CO2 to the atmosphere when the complete life cycle of 
plant growth (and regrowth), harvesting and consumption of 
biomass is considered (Albers et al. 2019; Strengers et al. 2024). 
In the case of forest-based bioenergy, if the average forest carbon 
stock (in live biomass, litter and soil) remains stable as the cycle 
of growth and harvest is repeated over time, there is no net bio-
genic CO2 emission. However, rather than being completely car-
bon neutral, bioenergy systems usually change the carbon stock 
in the vegetation, soil or bio-based products pools compared to a 
situation without this biomass supply for bioenergy, for example, 
by changing the mean residence time of sequestered carbon or 
the land area used for sequestration; this decrease or increase 
represents an emission or removal of biogenic carbon, respec-
tively, that must be considered.
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While inherently transient at small scale (a single tree, a news-
paper, a house), the accumulation of biospheric carbon pools 
creates a long-term reservoir of carbon. Bioenergy systems have 
the potential to decrease or increase the C stocks of these pools; 
for example, by changing the mean residence time of seques-
tered carbon or the land area used for sequestration.

Bioenergy systems should not be assumed to be carbon neutral; 
rather, the life cycle emissions and removals should be consid-
ered, including changes in biogenic carbon pools compared to 
the reference system (i.e., ‘no bioenergy’ case), over explicit time 
horizons to show how bioenergy affects the climate in the short 
and long terms. This is particularly important given the urgent 
need to balance carbon fluxes to and from the atmosphere in 
order to stabilise the climate (IPCC 2021).

2.2   |   Life Cycle Perspective

Life cycle assessment (LCA) is a framework for assessing 
the environmental impacts of product systems and decisions 
(ISO  2006a, 2006b). It is commonly applied in studies that 
quantify climate impacts of bioenergy. Unlike national GHG 
emission reporting and accounting (Box 1), which focuses on 
actual annual emissions and removals at the country level, LCA 
considers the entire life cycle of a product or service. The steps 
in LCA are (1) goal and scope definition, (2) life cycle inventory 
analysis, (3) life cycle impact assessment and (4) interpretation 
of the results. LCA can be applied to product systems of different 
scales and can be used to aid micro- and macro-level decisions 
(EC-JRC-IES 2010). The assessment should include GHG emis-
sions and removals related to biomass procurement, such as 
planting and harvest; manufacture of inputs such as fertiliser; 
transport, storage and conversion of biomass and product stor-
age, distribution and use (Ter-Mikaelian et  al.  2015). Inputs 
across the supply chain (e.g., fossil fuels, fertilisers, processing 
chemicals) vary between bioenergy systems, depending on the 
biomass source, conversion process (e.g., combustion, gasifica-
tion, anaerobic digestion), carrier (solid, liquid, gas) and end 
use (e.g., transport, heat, electricity). For BECCS systems, the 
assessment should include fuel use for CO2 capture, compres-
sion, transportation and injection, and possible CO2 leaks from 
pipelines and injection sites (Erlandsson and Tannoury 2020; 
Gholami et  al.  2021; Briones-Hidrovo et  al.  2022). Emissions 
due to construction and demolition of facilities (e.g., estab-
lishment of forest roads, construction of processing plant and 
power distribution infrastructure) are omitted in many LCA 
studies but should not be automatically excluded without justi-
fication. Where included for the bioenergy system, equivalent 
construction and demolition emissions should also be consid-
ered for the reference energy system (see Section 3.4). Net bio-
genic carbon emissions from the land (i.e., changes in carbon 
stocks in vegetation and soil relative to a reference scenario 
without bioenergy, see Section 3.4) must be included, as should 
emissions of CO2, methane and nitrous oxide from biomass 
storage (Jämsén et al. 2015; Routa et al. 2016).

The impacts of bioenergy systems on atmospheric GHG con-
centrations are determined largely by how the carbon cycle 
is affected by the biomass supply system, how efficiently bio-
mass is converted to energy products, the GHG-intensity of the 

bioenergy supply chain and of the energy product displaced, and 
the efficacy of any carbon capture and storage, through biochar 
or post-combustion treatment.

BOX 1    |    Reporting and accounting for bioenergy in national 
greenhouse gas (GHG) inventories.

Countries report their national inventory of annual 
GHG emissions and removals under the United Nations 
Framework Convention on Climate Change (UNFCCC), 
following guidelines developed by the Intergovernmental 
Panel on Climate Change (IPCC). For UNFCCC reporting, 
biogenic CO2 emissions from bioenergy are counted as zero 
in the energy sector to avoid double-counting because bi-
ogenic CO2 emissions from the harvest of biomass are in-
cluded in carbon stock changes counted in the Land Use, 
Land use change and Forestry (LULUCF) sector (Houghton 
et al. 1997; Goodwin et al. 2019). Consequently, if all coun-
tries follow these guidelines and report to the UNFCCC, 
all emissions from the use of biomass for energy will be 
included in national inventories. Under the Kyoto Protocol 
only developed (‘Annex I’) countries had commitments and 
were required to account for their emissions against agreed 
targets. Any decline in forest carbon associated with harvest 
for biomass in non-annex 1 countries, including biomass 
exported to annex 1 countries, was excluded from account-
ing. Furthermore, reporting changes in forest carbon stock 
was optional for annex I countries in the first commitment 
period (2008–2012), and there was limited incentive to en-
hance forest carbon stocks due to national caps on forest 
sinks. These deficiencies were partly addressed for the sec-
ond commitment period (2013–2020), in which account-
ing for ‘forest management’ became mandatory for annex 
1 countries. However, forest management emissions and 
removals were accounted relative to country-specific, pro-
jected reference levels representing the ‘business as usual’ 
baseline, so harvesting of biomass only counted as a debit if 
it was not included in the agreed ‘forest management refer-
ence level’.
Under the Paris Agreement, the EU, through Regulation 
2018/841 of the EU Climate and Energy Framework (Camia 
et al. 2020), sought to avoid the loophole of unverified coun-
terfactuals by basing its forest management reference level 
on continuation of historical forest management (Grassi 
et  al.  2018). As regards accounting for CO2 emissions and 
removals associated with forest products including bioen-
ergy, countries may apply one of four approaches reflecting 
different system boundaries (i.e., stock-change, production, 
simple decay or atmospheric flow approach IPCC  2006; 
IPCC  2019). Thus, emissions associated with bioenergy 
may be reported by the producing or consuming country 
and may be based on carbon stock change in the forest or 
in the wood products pool, depending on the approach cho-
sen (Rüter et al. 2019). The approach selected will influence 
the country-specific incentives for domestic use and trade in 
wood products including bioenergy (Cowie et al. 2006, 2021; 
Pingoud et al. 2010), and the inconsistency in methods cre-
ates potential for omissions and double-counting (Sato and 
Nojiri  2019). Nevertheless, irrespective of the accounting 
approach chosen, all countries are required to provide sup-
plementary information on emissions and removals from 
harvested wood products estimated using the production 
approach to aid transparency (UNFCCC 2018).
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2.3   |   Key Issues for Forest-Based Bioenergy

In this paper, forest-based bioenergy refers to biomass derived 
from forests (naturally regenerated or plantations) that are 
managed on a rotation of at least 10 years, including by contin-
uous cover forestry. Short rotation woody crops that are har-
vested every 1–5 years are more similar to agricultural crops 
(Section 2.4) with respect to the quantification of climate effects.

In industrialised countries, forest-based bioenergy is commonly 
a co-product of the forest industry, associated with the produc-
tion of wood products (sawn timber, composite products, pulp 
and paper) (e.g., Koponen et  al.  2015, figure  23; Luke  2024a). 
In developing countries, fuelwood is commonly harvested for 
household uses, independent of forestry activities. Common 
bioenergy feedstocks include harvest residues (i.e., branches, 
tops, stumps), residues from wood processing (e.g., sawdust or 
shavings from sawmills, black liquor from pulp processing), 
construction waste or end-of-life wood products and small di-
ameter roundwood from thinnings in forests managed for 
sawlog production. Forest management choices (species, silvi-
culture, rotation length, clear-fell or continuous cover) affect the 
carbon stocks, growth rates and quantities and proportions of 
different primary forest products available for harvest (Pingoud 
et al. 2018; Vauhkonen and Packalen 2019). Biomass for energy 
has traditionally had a low economic value compared with other 
wood products, so bioenergy has not usually been the primary 
driver determining forest management and harvest scheduling. 
However, in recent years, the price of bioenergy feedstock has in-
creased in some regions, for example, due to increased demand 
for energy wood, an increase in emission trading prices and 
geopolitical and market changes (e.g., in Finland and Sweden, 
Luke  2024b; Energimyndigheten  2024). Bioenergy's influence 
on forest management needs to be assessed in the context of re-
gional forest product markets, including management responses 

to anticipated demand for bioenergy (Costanza et  al.  2017; 
Lamers et  al.  2018; Parish et  al.  2017; Daigneault et  al.  2022; 
Favero et al. 2023).

The life cycle of forest-based bioenergy is complex due to decadal 
rotation periods, intermediate harvests (e.g., thinning) and po-
tentially long lifetimes and varying substitution effects of wood 
co-products. The carbon stocks and sink strength of individual 
stands vary widely between young and mature stages (Figure 1a). 
A forest estate is a mosaic of stands of different ages shaped by 
biophysical factors such as soil and climate conditions, histori-
cal and current management and harvesting regimes and events 
such as storms, droughts and forest fires. Across a forest estate, 
stands are harvested sequentially to produce a continuous supply 
of wood for the forest industry. In a ‘normal forest’ (ideal forest 
with equal areas of each age class; Leslie 1966), the carbon losses 
through stand harvest are balanced by gains in the other stands, 
resulting in constant carbon stock across the estate (Figure 1b). 
In reality, forest estates commonly have an uneven distribution 
of age classes, so carbon stock fluctuates around a trend line 
showing gradually increasing, decreasing or roughly stable total 
carbon stock. Forest management operations (fertilising, thin-
ning and pruning), rotation length and species mix influence 
carbon stocks and sink strength, which are also strongly influ-
enced by environmental factors including climate, soil proper-
ties and atmospheric CO2 concentration (Henttonen et al. 2017). 
Furthermore, forest carbon stocks are also affected by natural 
disturbances such as drought, fire, storms and pests, which will 
likely increase due to climate change (Nabuurs et al. 2022).

A key aspect governing the climate effect of bioenergy is the in-
fluence of biomass extraction on the carbon stock in vegetation 
and soil. Introduction of a new management regime that involves 
more biomass extraction (e.g., removal of logging residues) can 
reduce the average carbon stock in the forest compared to a 

FIGURE 1    |    Theoretical representation of the carbon stocks in a managed forest, illustrating a single stand (a) and a forest estate with an even 
distribution of age classes (b). Key: Blue: Reference scenario, a forest harvested for timber only, with residues (branches and tops) retained in the 
forest; Red: Harvest residues removed for bioenergy; Green: Harvest residues removed for bioenergy with enhanced management applied after 
harvest; Purple: Harvest residues removed for bioenergy before harvest.  Source: Cowie et al. (2013).
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reference scenario with less biomass extraction, signifying a net 
biogenic carbon emission, a ‘GHG cost’ (in Figure 1, red curves). 
However, if growth-enhancing measures (e.g., improved site 
preparation, genetic material, fertilisation) and modified harvest 
schedules are also introduced that simultaneously increase for-
est carbon stock (in Figure 1, green and purple curves), this can 
reduce or avoid the GHG cost of increased biomass extraction, 
noting that growth-enhancing measures will take time to affect 
slow-growing forests.

As described above, wide temporal variations in emissions and 
removals apparent at stand level are smoothed when considered 
at landscape level. Nevertheless, as at stand level, additional 
extraction of biomass for bioenergy can lead to a decline in av-
erage carbon stock, creating a ‘GHG cost’ in forest carbon bal-
ance compared to a reference scenario with less biomass harvest 
(Figure 1). If the GHG cost is lower than the avoided fossil CO2 
emissions, there will be an immediate benefit, such as when 
residues that would otherwise have decayed quickly are used 
efficiently to substitute fossil fuels (e.g., Agostini et  al.  2013; 
Matthews et al. 2014). However, if bioenergy leads to a reduction 
in forest carbon stock, compared to the reference scenario, such 
as through increased harvest intensity, a forest bioenergy sys-
tem could cause net emissions for decades (Pingoud et al. 2016), 
despite providing emission savings in the longer term (e.g., 
Hudiburg et al. 2011).

Thus, in quantifying the climate effects of forest-based bioen-
ergy, it is necessary to consider all the effects of forest-based bio-
energy on carbon stocks in forests, harvested wood products and 
fossil resources over the relevant time horizon given by the aim 
of the study (see Section 2.5), including, if relevant, accelerated 
planting of new productive forest as a response to anticipated 
future demand for bioenergy. As the effects are quantified based 
on a comparison with a reference scenario, the definition of this 
reference has a critical influence on the results (see Section 3.4).

2.4   |   Bioenergy From Agricultural Systems

Agricultural sources of biomass for bioenergy include purpose-
grown crops (e.g., canola, sugar cane, switchgrass, miscanthus), 
agricultural production residues (e.g., straw, manure) and pro-
cessing residues (e.g., rice husk, nut shells). As for forestry, 
bioenergy from agricultural sources should be assessed as a 
component of agricultural systems.

The climate effects of bioenergy from agricultural systems tend 
to be easier to evaluate than forest-based bioenergy because the 
crops are generally harvested annually or on a short rotation of 
several years, so the wide variation in carbon stocks seen in for-
est stands, discussed in Section 2.3, is not applicable. Therefore, 
the timing of emissions and removals (Sections 2.5 and 3.4.2) is 
generally not a significant issue, as demonstrated by Brandão 
et  al.  (2019), and it is generally accepted (e.g., IPCC  2019; 
ISO 2018) that biogenic carbon fluxes of non-woody crops are 
excluded in quantifying GHG inventories. Nonetheless, iLUC 
(see Section  3.2.3) and counterfactual land use (Section  3.4) 
are equally relevant for agricultural systems as for forestry 
systems, and quantifying these faces the same challenges and 
uncertainties.

The removal of crop residues for bioenergy could cause loss of 
soil carbon. Similarly, the expansion of energy crops could result 
in GHG emissions due to loss of vegetation or soil carbon if pas-
tures or natural areas are converted to cropping. On the other 
hand, the establishment of biomass crops such as perennial 
grasses on cropland that has been depleted of soil organic matter 
can lead to gains in soil and vegetation carbon stocks. Soil car-
bon changes tend to be case-specific, presenting challenges of 
data availability, and while often small, they can be significant 
for LCA results (Bessou et al. 2020). If existing cropland is used 
for energy crops, displacing food production, this could impact 
food security or lead to indirect intensification of food produc-
tion or land use change such as deforestation, with potential 
negative impacts on carbon stocks and biodiversity (Searchinger 
et al. 2008; Tonini et al. 2016). Achieving high yields from en-
ergy crops may require high rates of nitrogen fertiliser, with as-
sociated GHG emissions from fertiliser manufacture and N2O 
emissions from soil (e.g., Smith et al. 2012). Conversely, utilising 
manure for bioenergy, such as through anaerobic digestion, can 
reduce methane emissions from manure management and gen-
erate a nutrient-rich soil amendment from the digestate, which 
can displace more synthetic nitrogen than untreated manure.

Thus, as for forest-based bioenergy, the methods used to estimate 
climate effects of agricultural bioenergy need to acknowledge 
positive and negative effects on GHG emissions due to changes 
in vegetation and soil C stocks, non-CO2 GHG emissions and 
production of agricultural commodities and the related market 
effects.

2.5   |   Timing of Emissions and Removals

To limit warming to 1.5°C with minimal overshoot, global net 
zero CO2 needs to be reached in the early 2050s (IPCC 2022). 
The IPCC has quantified the remaining global carbon budget 
consistent with limiting warming to 1.5°C or 2°C, representing 
the cumulative GHG emissions from 2020 until net zero CO2 
is reached (Rogelj et  al.  2018). The exact timing of CO2 emis-
sions and removals is less important than the cumulative total 
CO2 emissions due to the long-lasting effect of CO2 on climate 
(IPCC  2021). As discussed in Section  2.3, bioenergy systems 
could cause an increase in emissions varying from years to de-
cades if land carbon stock is reduced by a greater amount than 
the emissions saved by displacing fossil fuels. If the reduction 
in carbon stock is temporary and reversed through the re-
accumulation of carbon before net zero CO2 is reached, this does 
not consume the carbon budget and has a net climate impact 
similar to short-lived climate forcers (Cherubini et  al.  2014). 
However, if there is a consistent long-term reduction in land car-
bon stock (a reduction in the equilibrium value) in the bioenergy 
system, this is equivalent to CO2 emissions from fossil sources, 
and does expend the carbon budget, unless the biogenic CO2 is 
captured and stored in geological reservoirs.

A short-term emissions increase can be considered a ‘GHG in-
vestment’ in establishing a bioenergy system, equivalent to fossil 
CO2 emissions released when building a railway or producing 
batteries for electric vehicles (Berndes et al. 2010); but the bio-
energy system must deliver emissions savings through fossil 
fuel displacement within the relevant temporal window to avoid 
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contributing to peak warming. The definition of this relevant 
temporal window remains contested (Allen  2019; Asayama 
et al. 2019; Rogelj et al. 2018). Nevertheless, with growing recog-
nition of the limited carbon budget and concerns about reliance 
on carbon removals after an emission overshoot (Schleussner 
et  al.  2024), ambitious short-term emissions reduction targets 
are being adopted by countries and businesses. This reduces the 
attractiveness of options with up-front emissions that cause a 
delay in achieving net GHG savings. However, options with low 
up-front emissions may be restricted by immature development, 
high cost or dependence on new infrastructure, so focusing only 
on such options could prolong fossil fuel use; the definition of 
the relevant temporal window is critical also for such options.

Due to relatively long economic lifetimes of energy infrastructure 
and long rotation times, especially in boreal forests, decisions 
today will have long-term impacts on emissions and removals 
(IPCC 2014, 2022). Bioenergy can be deployed rapidly as it is com-
patible with existing energy infrastructure and cost competitive 
in many applications. Parallel deployment of carbon capture and 
storage from bioenergy systems, that is, BECCS, could markedly 
change the balance and timing of emissions and removals (see 
Section 3.4.3). Furthermore, bioenergy systems can support ex-
pansion of variable renewable electricity production from wind 
and solar power through the provision of balancing power needed 
to maintain power stability and quality (Thrän et al. 2024; Arasto 
et al. 2017; Hakkarainen et al. 2019; Lenzen et al. 2016), thereby 
contributing to the transformation to a low-GHG electricity sys-
tem and delivering emissions savings across the whole energy 
system in the short and long terms (e.g., Li et  al.  2022, 2024). 
Bioenergy investments could displace investments in new fossil 
fuel infrastructure, avoiding consequent ongoing emissions. On 
the other hand, bioenergy deployment through co-firing biomass 
with fossil fuels could slow the phase-out of fossil energy infra-
structure. Whether such development is compatible with climate 
targets depends on the proportion of biomass to fossil fuels and 
the degree to which carbon capture and storage is deployed.

Thus, the issue of the timing of emissions, removals and dis-
placement benefits associated with the deployment of bioenergy 
is complex: both the contribution to near-term emissions reduc-
tion targets and to long-term temperature stabilisation can be 
relevant, and it is important to consider broader energy system 
implications from the expansion of bioenergy. Conventionally, 
in LCA, the timing of emissions and removals is not considered: 
the climate impact, or carbon footprint, of a product is calculated 
by summing the emissions over the entire life cycle with equal 
weight regardless of when the emissions occur (e.g., Brandão 
et al. 2013; ISO 2018). However, there is increasing recognition 
that timing can be significant; although there is no consensus 
on how it should be included in LCA. Methods that recognise 
effects of time are discussed further in Section 3.4.2.

3   |   Aspects to Consider in Quantifying the Climate 
Effects of Bioenergy

This section describes the methodological choices that influence 
the quantification of climate effects of bioenergy and provides 
guidance on the selection of methodology appropriate to the 
application.

3.1   |   Functional Unit

LCA is generally applied at product level and used to calculate and 
compare the impacts of different technologies to generate the same 
functional unit. The functional unit is the reference against which 
inputs and outputs are normalised. The choice of functional unit 
is critical, as different functional units can lead to different con-
clusions (Cherubini et al. 2013). To facilitate comparison between 
energy products, the climate effect is expressed using a unit of en-
ergy product or service as the functional unit, for example, gCO2e 
per MJ energy delivered, or gCO2e per km travelled in standard 
passenger vehicle (ISO 2018). Additionally, it can be pertinent, es-
pecially to resource managers, to quantify the emissions saved per 
unit of biomass resource consumed, or per unit land area used for 
biomass production (Cherubini et al. 2013), for both bioenergy and 
BECCS. Additionally, in the case of BECCS, relevant measures are 
also the emissions per unit of carbon dioxide removal (CDR) deliv-
ered, and CDR delivered per unit biomass, noting the importance 
of appropriate handling of co-products (see Section 3.4.3). While 
LCA is usually focussed on a specific product, it is possible to use 
a much broader functional unit, such as the energy supply for a 
province, a country or a wider region, which allows constraints 
on availability of biomass to be included. This broad scale may be 
most relevant to policy-makers, especially when applying conse-
quential LCA (see Section 3.2).

3.2   |   Modelling Approach

3.2.1   |   Attributional vs. Consequential LCA

LCA has been categorised into two modelling approaches, 
namely attributional LCA (ALCA) and consequential LCA 
(CLCA). Various definitions for ALCA and CLCA have been pro-
posed, and the two approaches have been applied inconsistently 
in the scientific literature (Soimakallio et  al.  2015; Zamagni 
et al. 2012). The choice of modelling approach has a large impact 
on the result (Brandão et al. 2021; Pereira et al. 2019).

In ALCA, inputs and outputs are attributed to the functional unit of 
a product system by linking and/or partitioning the unit processes 
of the system according to a normative rule (UNEP/SETAC 2011). 
ALCA focuses on describing all the environmentally relevant 
physical flows (such as greenhouse gas fluxes) to and from a 
product system over its life cycle (Curran et al. 2005; Finnveden 
et  al.  2009). It aims to describe the environmental impacts of a 
system as a component of the total impact of all human activities 
(Soimakallio et al. 2015), typically using average historical data. 
Conversely, CLCA aims to describe how environmentally rele-
vant physical flows respond to a change (Finnveden et al. 2009), 
such as increased production of bioenergy. Therefore, in CLCA, 
activities are included in the product system to the extent that they 
would change (or have changed) as a consequence of a change in 
demand for the functional unit (UNEP/SETAC 2011). To inform 
policy on bioenergy targets, CLCA could be used, for example, to 
examine the climate effects of increasing a biofuel mandate from 
10% to 30%, whereby the functional unit represents all supply 
changes associated with meeting this mandate. CLCA thus cap-
tures the direct and indirect consequences of decisions, including 
market-mediated effects due to change in the level of production. 
Typically, average data are applied in ALCA, whereas marginal 
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or incremental data are applied in CLCA (Finnveden et al. 2009) 
(Brandão et al. 2022). Guidance on application of CLCA to bioen-
ergy systems is provided in Brandão, Weidema, et al. (2024).

The most appropriate modelling approach depends on the purpose 
(Brandão, Busch, and Kendall  2024). When considering the cli-
mate effects of one bioenergy product in the prevailing or assumed 
economic conditions, independent from market responses, an at-
tributional modelling perspective is adequate. ALCA is therefore 
commonly applied in micro-scale product comparison (EC-JRC-
IES 2010), in assessing compliance with regulations and for prod-
uct declarations, but is insufficient for guiding policy decisions 
(Brandão et al. 2014; Plevin et al. 2014) or understanding the con-
sequences of increased or decreased use of bioenergy. LCA stud-
ies undertaken to inform policy decisions relating to, for example, 
scale of bioenergy targets or prioritisation of biomass use for com-
peting energy and materials, should use a consequential approach, 
which considers indirect effects in the land, food, forest products 
and energy sectors as well as socio-economic and biogeophysical 
effects (EC-JRC-IES 2010). See also Section 3.2.3.

3.2.2   |   Handling Co-Products

If a bioenergy product is derived from a system with several out-
puts or functions, a method must be used to isolate the impacts 
belonging to bioenergy. The ISO standard for LCA presents a hier-
archy of options, giving priority to avoiding allocation by subdivi-
sion or system expansion (ISO 2006a) (Box 2). System expansion 

(with substitution) follows consequential logic, giving credit to 
the product under study for products displaced by the co-products 
(Figure 2). In ALCA, allocation based on an attribute such as en-
ergy content, mass or value is the basis for sharing impacts. The ISO 
standard recommends using a procedure that reflects underlying 
physical properties, ahead of economic allocation as the last option 
in the hierarchy. Choice of attribute can have a strong impact on 
the result (e.g., Wardenaar et al. 2012; Cherubini, Strømman, et al. 
2011). Despite being least favoured in the ISO hierarchy, economic 
allocation is often recommended as reflecting causality for the de-
cision to co-produce. Mass allocation can be misleading where the 
by-product has greater proportional mass than the determining 
product, and energy content makes little sense if the co-product is 
not an energy source (e.g., canola meal co-produced with canola 
oil). Any allocation choice is subjective, and allocation inevitably 
results in allocated systems that do not balance inputs and out-
puts (Weidema and Schmidt 2010). Nevertheless, allocation rules 
can be useful for policy implementation, to provide consistency 
and certainty to industry, and agreed allocation approaches could 
be established through product category rules developed through 
transparent and participatory processes.

Co-products from a multi-output system can displace other 
products, generating additional mitigation (Soimakallio 
et  al.  2016), such as when biochar, a co-product of pyrolysis 
or gasification, is used as a soil amendment that improves ni-
trogen use efficiency, thereby reducing fertiliser requirements 
(Cowie et al. 2015). Applying CLCA in this example, the avoid-
ance of emissions from fertiliser manufacture would be cred-
ited to the bioenergy system. In such studies, the sensitivity of 
assumptions made on displacement needs to be considered.

3.2.2.1   |   System Expansion, With Substitution.  Sys-
tem expansion involves expanding the modelling to include 
the fate of the co-product (Product B in Figure  2) in addition 
to the bioenergy product (Product A). To determine the climate 
effect of Product A, the total GHG emissions and removals 
of the multi-functional activity (Products A and B) are included 
and the GHG emissions and removals of a displaced alterna-
tive product (Product C, functionally equivalent to Product B) 
are subtracted.

3.2.3   |   Indirect Effects

Indirect effects, both within the bioenergy system supply chain 
and beyond, can influence the climate effects of bioenergy. If 
land use changes from food production to a dedicated bioenergy 
crop, land use elsewhere might change to meet the demand for 

BOX 2    |    Treatment of co-products.

The life cycle assessment standard ISO 14044 presents the 
following hierarchy for treatment of co-products:

1.	 Where possible, avoid allocation by
a.	subdivision: Divide the product system into sub-

processes, such that inputs and outputs specific to the 
studied co-product are separated

b.	system expansion with substitution: Expand the sys-
tem boundary to include all functions related to co-
products (see below)

2.	 Allocation: Share inputs and outputs between co-
products on the basis of

a.	underlying physical relationship (such as energy 
content)

b.	other relationship such as economic value of 
co-products

FIGURE 2    |    System expansion with substitution, to determine the effect of producing Product A. Adapted from ISO 13065 (ISO 2015).
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food. Emissions associated with this indirect land use change 
(iLUC) can diminish the net climate benefits of bioenergy par-
ticularly if high carbon stock land is converted to food produc-
tion. Estimates of the magnitude of iLUC vary widely between 
studies (Ahlgren and Di Lucia 2014; Brandão 2022; de Carvalho 
Macedo et  al.  2015), partly because iLUC, by definition, can-
not be verified or ascribed to a specific bioenergy system, and 
because different methods and assumptions have been used 
to quantify it (Searchinger et  al.  2015; De Rosa et  al.  2016; 
Langeveld et al. 2022).

Use of biomass for energy can also have indirect market-
mediated effects on the production and use of other bio-based 
products. As forest-based bioenergy and wood products are in-
terrelated industries, one might expect increased use of forest 
biomass for energy to reduce supply of other wood products. 
However, global modelling by Daigneault et al. (2022) indicated 
the potential for simultaneous increase in forest C stocks and 
wood harvest through stimulation of improved forest manage-
ment, and others have determined that increased demand for 
bioenergy led to forest expansion (Galik and Abt 2016) and re-
tention of forests that would otherwise have been cleared for 
farmland (Hodges et al. 2019). These studies indicate synergies 
between bioenergy demand and supply of wood products that 
are revealed when economic factors and management responses 
are considered.

GHG savings from substituting concrete, steel and aluminium 
building elements with wood, synthetic textiles with cellulose-
based materials or fossil-based plastics with wood–plastic com-
posites may be significantly larger than substituting fossil fuels 
by bioenergy (Hurmekoski et al. 2020; Kurz et al. 2016; Sathre 
and O'Connor 2010). Cascading use of biomass, first for materi-
als and subsequently for energy, can generate higher GHG ben-
efits through multiple substitutions compared with direct use 
of newly harvested wood for energy (Gustavsson et  al.  2006; 
Pingoud et al. 2010; Höglmeier et al. 2015), but strict applica-
tion of cascading principles could constrain the availability of 
wood for energy (Bais-Moleman et al. 2018). The wide variety 
of wood products and displaced construction materials make 
it difficult to generalise the substitution value of wood prod-
ucts (Myllyviita et  al.  2021; Kunttu et  al.  2021; Hurmekoski 
et al. 2021; Niemi et al. 2025), and modelling choices also im-
pact results (Piccardo and Gustavsson 2021). Thus, the indirect 
effects of bioenergy on wood products can be challenging to 
assess. The phenomenon of rebound should also be acknowl-
edged, and due to impacts of bioenergy on prices of fossil fuels, 
bioenergy does not necessarily displace the same amount of 
fossil fuel energy products (Smeets et al. 2014).

Estimation of the indirect consequences of bioenergy, including 
indirect market-mediated effects especially iLUC, is import-
ant in CLCA, especially when used to inform policy develop-
ment. Studies on this topic apply general or partial equilibrium 
modelling (e.g., Zhao, Taheripour, et  al.  2021) or biophysical 
models that link demand for land with physical data on crop 
yields and statistical data on land-use changes (e.g., Schmidt 
et al. 2015). Alternative modelling approaches, reflecting con-
trasting narratives on the causes and therefore appropriate ana-
lytical approaches to quantifying iLUC, lead to divergent results 
(Malins 2019; Langeveld et al. 2022). Approaches to recognise 

iLUC in ALCA-based assessments include addition of an ‘iLUC 
factor’ (e.g., European Union  2018, annex VIII; ICAO  2022), 
noting that their quantification is highly uncertain (Daioglou 
et al. 2020; Malins et al. 2020), and effectiveness of such factors 
in policy implementation is questioned (Khanna et  al.  2017). 
Alternative approaches to manage iLUC in policy implemen-
tation include application of a risk-based approach that per-
mits only feedstocks deemed to have low iLUC risk (RSB 2018; 
European Union 2018; Sumfleth et al. 2020).

3.2.4   |   Other Modelling Approaches

Expanding the system boundary of an assessment beyond the 
supply chain can help quantify additional impacts indirectly 
related to the system that occur within a sector, economy or 
supra-regional level. For example, these effects can be assessed 
using life cycle-based environmentally extended input–output 
(EEIO) modelling (Leontief  1970). EEIO models use sectoral, 
national or global economic structures, described in the form 
of make-use or input–output tables (such as developed by na-
tional statistical offices) and link these with emissions databases 
such as national emission inventories (Yang et al. 2017). EEIO 
modelling is a data-intensive process, yet it enables the user to 
assess the effects of a specific subactivity, such as biofuel pro-
duction, within the context of the remaining sectoral, national 
or global activities and provide results across environmental and 
socio-economic dimensions (Avelino et al. 2021). It also allows 
the calculation of net effects, for example, the quantification of 
the effects related to an expanding bioeconomy, displacing in-
cumbent petroleum-based fuels or products (Avelino et al. 2021; 
Lamers et  al.  2021). Applying a prospective EEIO framework 
can further illustrate these net effects under changing consump-
tion or production patterns and other macro-economic factors 
(e.g., population trends, inflation).

A further system boundary expansion can be achieved by 
linking LCA with integrated assessment models (IAM). IAMs 
encompass biophysical (biosphere and atmosphere processes) 
and socio-economic flows at national, regional and global 
scale to explore the future evolution of the global energy, land, 
economy and climate system (IAMC 2020). IAMs are promi-
nently used to support long-term climate change assessments 
to explore the solution space of different climate policy inter-
ventions (IPCC 2022). The utilisation of the rich system-level 
dynamics of IAMs to inform the background processes in 
LCA was directly linked to development of code-based LCA 
(Mutel  2017). The code structure enables the computation of 
interconnected time-series LCI7 databases, which form the 
basis for the calculation of time-step LCA, accounting for a 
suite of background dynamics represented in IAM scenarios 
(Beltran et al. 2020). With the availability of open-source code 
options to utilise scenarios from several IAMs (Sacchi et  al. 
2022; Lamers et al. 2023; Ghosh et al. 2024), the use of IAM-
LCA to inform economy-wide shifts or sectoral transitions ac-
counting for interactions with the land sector, for instance, has 
gained much prominence in the scientific literature (Cavalett 
et al. 2024; Ballal et al. 2023; Gvein et al. 2023). One critical 
research frontier in IAM-LCA linkage is to use LCA impact 
metrics to re-inform IAM scenarios and thus create projec-
tions that solve beyond cost and carbon as the key metrics. 
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The representation of bioenergy systems in IAMs tends to be 
coarse, with respect to spatial resolution, and limited, with re-
spect to feedstocks and field management practices, conversion 
technologies, influence of land quality, and overlooks effects of 
biomass extraction on nutrients and water (Rose et al. 2022). 
IAMs therefore provide information on potential contribu-
tion of bioenergy to climate change mitigation under different 
socio-economic development pathways, under different cli-
mate goals, but they do not provide information that enables 
detailed comparisons of the climate and other environmental 
impacts of different technologies and bioenergy systems.

To understand and optimise the role of bioenergy and BECCS as 
a part of specific regional or local energy system, various energy 
system modelling approaches with focus on long-term planning 
or short-term operation can be applied (Laveneziana et al. 2023). 
These models have narrower system boundary than IAMs but 
they provide a more detailed description of the studied energy sys-
tem, and the technologies applied. Energy system models can also 
be combined with biomass supply models (Lindroos et al. 2021) 
or coupled with LCA to assess several impact categories beyond 
GHG emissions (Blanco et al. 2020). These integrated approaches 
can be used to evaluate system-level emissions. Arguments have 
been made for using more than one approach whereby top-down 
approaches, like economic input–output data, IAMs and eco-
nomic general equilibrium models, can be complemented with 
bottom-up approaches, like LCA (Creutzig et al. 2012). Especially 
when planning for bioenergy and BECCS policies, it is recom-
mended that several approaches are applied, and impact catego-
ries beyond climate are analysed (Koponen et al. 2024).

3.3   |   System Boundary

The system boundary describes the activities and processes that 
are quantified in the system under study. Key processes and ac-
tivities in the bioenergy system include production of fertiliser, 
site preparation/crop cultivation, fertiliser application, harvest-
ing, transport, processing to energy products, distribution of en-
ergy product and co-products, combustion and waste disposal. 
Key aspects of the system boundary for bioenergy systems that 
influence the results of assessment include the spatial and tem-
poral boundaries, discussed below.

3.3.1   |   Spatial Boundary and Scale

The spatial boundary of the study affects the results particularly 
in the case of forest-based bioenergy derived from long-rotation 
forestry (Cintas et  al.  2017). Considered at a stand level, the 
asynchrony between emissions and sequestration suggests that 
during the period between combustion and regrowth, there is 
additional CO2 in the atmosphere, causing warming. However, 
at forest estate (landscape) level, the temporal fluctuations are 
smoothed, as explained in Section 2.3, and if harvest equals an-
nual increment, there is no delay between absolute emissions 
and removals.

The appropriate spatial boundary is determined by the pur-
pose of the investigation. For example, a policy-maker may be 
concerned with the impacts at a regional or national scale, so 

assessments to inform such policy development should take 
place at that broad scale (e.g., Cintas et al. 2017). Here, the ef-
fects of bioenergy policy on land use, including expansion or 
contraction of forest area, are relevant. On the other hand, a for-
est owner or farmer would be interested in effects at the farm or 
forest estate level, while assessment undertaken for product la-
belling should use the scale of analysis that applies to the system 
producing that product.

The location and scale impact the results of assessments due to 
the geographic variation in factors such as climatic conditions, 
forest or crop management practices and soil properties that in-
fluence growth rates and yields as well as aspects such as soil 
carbon and vegetation loss if there is land use change. Thus, care 
should be taken when generalising from the results of studies 
elsewhere or applying regional- or national-level data for farm 
or forest-level studies (e.g., Bontinck et al. 2020).

In the case of national inventories, annual emissions and re-
movals are quantified within territorial boundaries (Box  2), 
and spatial boundaries should be applied consistently to re-
duce leakage (increase in emissions resulting indirectly from 
mitigation activities) and double-counting. In contrast to the 
territorial boundary of national inventories, LCA applies a life 
cycle boundary that includes upstream and downstream emis-
sions and removals, wherever they occur. The spatial bound-
ary of an LCA may be narrow or very wide, depending on the 
definition and type of LCA. Thus, it is important to clearly 
state the purpose of the LCA and define the spatial bound-
aries accordingly. To aid interpretation and inform manage-
ment decisions, direct and indirect effects should be separated 
when presenting the results of analyses. The results of local 
scale LCA should not be assumed to apply at large scale nor 
inferred to describe large-scale dynamics or policy impacts. 
Likewise, global or national average results should not be as-
sumed to apply to individual projects.

3.3.2   |   Temporal Boundary

In LCA, the assessment starts at the ‘cradle’, which commonly 
includes raw material extraction, and ends at the ‘grave’ (end 
use, i.e., combustion and disposal of any wastes), although 
in the case of bioenergy (and other agricultural and forestry 
products) a partial life cycle is often quantified, from ‘cradle to 
gate’, that is, including production and processing, but exclud-
ing transport to the consumer, use and disposal. For forest-
based bioenergy, the assessment could commence when the 
forest was planted, or at the time of harvest, leading to very 
different conclusions (Koponen et al. 2018; Albers et al. 2019, 
Soimakallio et al. 2025). If the biomass is produced from refor-
estation undertaken to meet bioenergy demand, then the ini-
tial growth is commonly included at the start of the bioenergy 
life cycle (e.g., Han et  al.  2018). Forster et  al.  (2021) applied 
prospective LCA with a 100-year time horizon into the future 
to explore the climate effects of forest planting decisions in the 
context of national afforestation targets, considering the effect 
of, inter alia, species choice, cascading uses of harvested wood 
and replanting. If forest management is changed in advance of 
the first harvest, with the specific purpose to increase biomass 
for bioenergy, such as by skipping pre-commercial thinning, 
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it may be appropriate to start the assessment at the time man-
agement was changed. However, often, there is interest in the 
impacts of an upcoming decision whether to harvest, indepen-
dent of prior management decisions. For example, to assess the 
impacts of a policy decision to increase the harvests from ex-
isting forests for bioenergy, the effects from the time of its an-
nouncement describe the impact of the policy. Consequently, 
retrospective and prospective perspectives may both be rele-
vant, depending on the goal of the study (Albers et al. 2019). 
Where there is land use change to establish a bioenergy crop 
associated with the goal and scope of a study, the temporal 
boundary includes land conversion, for example, from pasture 
or natural vegetation, and the associated change in soil and 
vegetation carbon stocks.

To quantify the change in land carbon stocks resulting from 
a land use change or change in management of a forest or ag-
ricultural system to supply biomass for bioenergy, at least one 
rotation (for long rotation forests) or several rotation cycles 
(for short rotation woody crops and annual crops) should be 
considered. This recognises that impacts on the soil carbon 
pool can take decades to reach a new equilibrium if there is 
a change in biomass inputs and also allows for inter-annual 
variability in biomass growth due to seasonal variation in cli-
matic conditions, common in dryland regions. Land carbon 
losses may prevail for decades but can also shift to land carbon 
gains, depending on ecosystem characteristics and how land 
use practices change over time (Cintas et al. 2016). Data need 
to be collected or modelled consistent with the chosen tempo-
ral boundary, to enable calculation of average carbon stocks 
in vegetation and soils in the bioenergy system and reference 
land use system.

Emissions avoided by fossil fuel displacement accumulate over 
time as more biomass displaces more fossil fuels. Although de-
carbonisation of energy systems, which reduces the GHG inten-
sity of electricity services, could reduce the displacement benefit 
of bioenergy over time, bioenergy products are likely to provide 
substantial mitigation by continuing to displace fossil fuels, as 
discussed in Section 3.4.

Any initial carbon cost resulting from land use change or change 
in land management diminishes as it is averaged over a longer 
period providing more energy services. The time frame chosen to 
assess the climate effects has a significant impact on the results 
and can even reverse the conclusions drawn (e.g., Gustavsson 
et al. 2021). Forestry systems are commonly assessed over a 100-
year period, or longer in boreal regions with long rotation periods, 
but shorter timeframes (20 or 50 years) can be relevant to short- 
and medium-term emission reduction targets. Landholders and 
investors may be interested in analysis over the anticipated life-
time of a project or bioenergy production facility.

3.4   |   Reference System

To determine the full climate change effects of bioenergy, the 
bioenergy system must be compared with a reference “with-
out bioenergy” scenario, or counterfactual, that describes the 
land use and energy source that would apply in the absence 
of bioenergy (Figure  3) (Schlamadinger et  al.  1997; Cherubini 

et al. 2009; Koponen et al. 2018; Cowie et al. 2021). The tempo-
ral boundary should recognise: dynamic biogenic carbon flux 
patterns, for example, modeling over several forest or crop rota-
tions; the trajectory for energy system transition and short- and 
long-term climate objectives coherently with the goal and scope 
of the study.

3.4.1   |   Reference Land Use

Comparison with the reference land use allows the inclusion of 
impacts of change in land use or land management on C stock in 
vegetation and soil. As with the bioenergy system, it is import-
ant to consider the influence of both management and natural 
factors. In the case of forests, the reference scenario may include 
forest management for a different mix of products and services, 
different intensity of harvest or preserving the forest for conser-
vation. In situations where, without the bioenergy system, the 
trees would have continued to grow, or less intensive harvest 
would have been applied, the bioenergy scenario can be con-
sidered to incur forgone C sequestration (Agostini et al. 2013; 
Kallio et  al.  2013; Koponen and Soimakallio  2015; Matthews 
et  al.  2014; Sievänen et  al.  2014; Soimakallio et  al.  2016). In 
assessing forgone sequestration, it should be recognised that 
sequestration rates are non-linear and there are uncertainties 
involved in the development of forest carbon stocks in both 
‘with bioenergy’ and ‘without bioenergy’ scenarios (Ximenes 
et  al.  2012). Due to uncertainties in projecting future growth 
and land management, it can be instructive to consider several 
alternative reference land use scenarios, particularly to inform 
policy. The relevant reference land use will be determined by 
the purpose of the analysis: if the goal is to quantify the con-
tribution of bioenergy as a component of all human activities 
(ALCA), natural regeneration is the appropriate reference, 
whereas if the goal is to estimate the effect of increasing bio-
energy (CLCA), the most likely alternative land use is the valid 
reference (Koponen et al. 2018; Soimakallio et al. 2025). If no 
reference land use is specified, one can only assess the absolute, 
measurable emissions occurring within a bioenergy system, but 
not the climate effects attributable to a decision to increase the 
use of bioenergy (Koponen et al. 2018).

3.4.2   |   Reference Energy System

The reference energy scenario should describe the energy 
source serving the equal function in the absence of bioenergy 
use for electricity, heat or transport. In ALCA, bio-electricity is 
typically compared with the GHG intensity of the average elec-
tricity mix, representing the market average (e.g., ISO 2018); 
but in CLCA, the relevant reference energy source is the mar-
ginal supply that would be used if the bioenergy was not pro-
duced, that is, the source(s) that would respond to an increase 
in demand for electricity. Where bioenergy displaces fossil 
fuels, displacing coal generally achieves greater GHG savings 
than displacing the same energy services delivered by natural 
gas, as coal typically has a higher GHG intensity than natu-
ral gas. The increasing deployment of renewable energy will 
reduce the GHG intensity of the average electricity mix, but 
the marginal supply in the electricity grid will depend on the 
circumstances. In some cases, the alternative to bioenergy is 
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new gas-fired facilities to replace retiring coal (e.g., Bistline 
and Young 2022). In the heating sector, possible new reference 
scenarios for bioenergy include electrification, use of heat 
pumps and waste heat sources (Hiltunen et al.  2025). In the 
transport sector, e-fuels produced from hydrogen and CO2 may 
emerge. In practice, the reference energy system can be diffi-
cult to determine objectively (Soimakallio et al. 2011). Flexible 
use of bioenergy to balance the use of variable renewable en-
ergy (wind and solar) may require a more flexible definition of 
the reference energy system, and the energy system needs to 
be studied as a whole to capture the total impacts and differ-
ent roles of various renewable energy production technologies 
(Holttinen et al. 2025). When analysing BECCS in prospective 
analyses, an additional consideration is whether displaced fos-
sil fuel systems are also fitted with CCS, which will affect both 
net energy displacement and the GHG intensity of displaced 
energy.

3.4.3   |   Displacement Value

The mitigation value of utilising bioenergy in place of an alter-
native energy source will depend on the relative efficiency of 
conversion to energy products in the bioenergy and reference 

system, and the relative quantity of GHG emitted per unit of en-
ergy product.

The CO2 emission factor (g CO2 per GJ of fuel) depends on the 
chemical composition of the fuel (Cowie et  al.  2021). Wood 
and coal have similar CO2 emission factors because the rela-
tive heating values of the two fuels are similar to the relative 
carbon content (Koppejan and Van Loo  2012; US EPA  2018; 
Edwards et al. 2014). Besides heating value, conversion efficien-
cies also depend on fuel properties including moisture content 
and grindability (Koppejan and Van Loo 2012; Mun et al. 2016; 
Yu et al. 2019). The efficiency of conversion of biomass energy 
to a bioenergy product varies between bioenergy products. 
For example, the conversion of biomass to liquid biofuels is 
often less efficient than the direct combustion of biomass for 
heat or power (Cherubini et al. 2009; Soimakallio et al. 2009; 
Soimakallio 2014). However, this simple comparison overlooks 
that as biofuels are more readily stored and transported and can 
provide a wide range of energy services compared with original 
biomass, they offer opportunities for displacing hard-to-abate 
emission sources. Furthermore, the actual displacement effect 
is determined by market-mediated forces, and indirect mar-
ket impacts can be important (see Section 3.2.3). For example, 
implementing a policy to promote the use of biofuels within a 

FIGURE 3    |    Bioenergy system compared with a reference system representing the situation without the studied bioenergy system. There can be 
several different land reference systems (Refs. 1, 2, 3) describing, for example, different developments of C stocks in the absence of the bioenergy 
system, and several different reference energy systems (Refs. a, b, c) describing different substituted products with different emission profiles. If the 
reference system describes alternative use of resources, indirect market impacts should also be included.
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certain jurisdiction may influence fuel prices and the consump-
tion of fuels inside and outside that particular area, resulting in 
changed consumption of fuels compared to the reference sys-
tem. Consequently, it is unlikely that one unit of fuel displaces 
exactly one equivalent unit of any alternative fuel in practice, 
and the displacement share might be both lower and higher than 
theoretical 1:1 displacement (Rajagopal and Plevin  2013). Net 
displacement factors could be substantially reduced for BECCS 
process designs with a high-energy penalty for CO2 capture 
(Onarheim et al. 2017). However, there are process designs that 
avoid energy penalties associated with gas separation (Lyngfelt 
and Leckner 2015; Zhao, Duan, et al. 2021). Furthermore, the 
captured biogenic carbon could be used in the production of 
new products, so biobased products could be associated with 
multiple substitution events.

Decarbonisation of energy systems through scaling up all 
renewable energy options will continue to reduce the GHG 
intensity of energy services, including those associated with 
bioenergy (Gustavsson et  al.  2022). A general trend towards 
decreasing average GHG intensity of energy services does not 
necessarily decrease GHG savings through deployment of 
bioenergy. For example, the electrification of industrial pro-
cesses will enable the gradual retirement of carbon-based fuel 
infrastructure; but until fully retired, biofuels can continue 
to displace fossil fuels. Furthermore, the substitution effects 
of specific bioenergy products will depend on how the GHG 
intensities of bioenergy products and alternative products 
change over time. For example, GHG savings from biofuels 
substituting petrol and diesel vary significantly because of the 
large variation in the carbon intensity of crude oil refining 
(Jing et al. 2020), and future GHG savings will depend on both 
mitigation actions in crude oil refining and developments in 
biofuel production, where electrification of biofuel production 
processes and investments in carbon capture and storage, for 
example, could bring significant GHG emissions reduction if 
low-carbon electricity is used.

3.5   |   Metrics for Climate Change Impact 
Assessment

When a pulse of CO2 is emitted to the atmosphere, a fraction of 
the CO2 is taken up by the biosphere, some is dissolved in the 
ocean, and a large fraction (> 20%) remains in the atmosphere 
indefinitely (Gasser et  al.  2017). The climate effect of a pulse 
emission is quantified as the radiative forcing due to the per-
turbation in the energy balance of the planet. The commonly 
applied metric Global Warming Potential (GWP) quantifies the 
radiative forcing of a GHG pulse emission over a specified time 
period (commonly 100 years) in comparison with that of a pulse 
of CO2 emitted at the same time (Myhre et al. 2013).

Usually in climate change impact assessment in LCA and for 
GHG inventories, the GWP (100 years) is applied to calculate the 
CO2 equivalent (CO2 eq.) of non-CO2 GHGs, and the climate effect 
is quantified as the total of GHG emissions and removals over the 
entire life cycle (e.g., ISO 2018) or over the first 100 years of the 
life cycle of a product (e.g., BSI 2011; Han et al. 2018). Only con-
sidering cumulative emissions, as when using GWP100, can give 
misleading results for complex systems with dynamic biogenic 

emissions patterns (Sathre and Gustavsson 2023). Several alter-
native methods to adjust for the effects of timing, for applica-
tion in LCA, have been proposed (Brandão et al. 2013; Brandão 
et  al.  2019; Brandão, Kirschbaum, and Cowie  2024; Levasseur 
et  al.  2010). Adjustment for timing was initially included in 
PAS2050, the UK standard for carbon footprint (BSI 2008), but 
subsequently removed (BSI 2011), and it remains an optional ad-
ditional calculation in PAS2050, the ILCD handbook (EC-JRC-
IES 2010) and the ISO standard for carbon footprint of a product 
(ISO 2018). Levasseur et al. (2010) developed the ‘dynamic LCA’ 
approach, which quantifies the radiative forcing resulting from 
an emission according to when it occurs within a defined assess-
ment period, and assigns a reduced impact if emissions are de-
layed within this period. Cherubini, Peters, et al. (2011) proposed, 
and Guest et al. (2013) demonstrated, a method which quantifies 
the radiative forcing over the assessment period due to the com-
bined effects of a pulse emission from combustion of biomass, 
followed by CO2 removal due to the presumed regrowth. They 
devised a modified characterisation factor ‘GWPbio’ that reflects 
this temporal profile of radiative forcing in comparison with a 
pulse emission of fossil CO2, and varies with rotation length of 
the forest stand. This metric does not aim to capture the carbon 
stock change between a bioenergy production scenario compared 
to a reference scenario without the studied bioenergy produc-
tion, but rather it quantifies the climate effects of actual carbon 
emissions and the assumed subsequent sequestration. Pingoud 
et al. (2012) extended the ‘GWPbio’ concept to produce a metric 
that assesses the climate impacts in comparison to a reference 
system that includes the alternative use of the forest or agricul-
tural land (Koponen and Soimakallio 2015).

An alternative metric to GWP, the global temperature change 
potential (GTP) quantifies the instantaneous effect of GHG 
emissions on the global temperature at a specified time (Myhre 
et al. 2013). GTP100 is an indicator of the potential temperature 
rise 100 years in the future. GTP is thus more closely related than 
GWP to the impact of climate change on human and natural 
systems but is not integrated over time. Cherubini et al. (2013) 
compared metrics for assessing climate impacts of forest-based 
bioenergy systems and demonstrated that long-rotation forest 
systems show greater climate-change mitigation potential when 
assessed by GTP than by GWP. Brandão et  al.  (2019) also as-
sessed the sensitivity of results to the choice of impact assess-
ment method and found that, where bioenergy systems involve a 
large change in land carbon stocks, results vary widely between 
metrics, to the extent that the bioenergy system may appear 
better or worse than the fossil fuel it replaces depending on the 
method applied.

Rather than applying a metric that converts emissions and re-
movals to CO2-equivalent, some studies have expressed climate 
impact as cumulative radiative forcing or absolute global warm-
ing potential (Sathre and Gustavsson 2011; Simmons et al. 2021) 
or absolute global temperature potential (Giuntoli et  al.  2015) 
which enables the effect of the timing of emissions to be included 
implicitly. These analyses combine three analytical elements to 
estimate the climate implications of forest/crop management 
and bioenergy deployment pathways: temporally explicit life 
cycle system modelling to determine GHG emission profiles, at-
mospheric decay modelling to determine the residence of GHGs 
in the atmosphere and time-dependent estimates of radiative 
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forcing due to atmospheric concentration changes of the GHGs 
(Sathre et al. 2013).

It is important to consider that the impact pathway from GHG 
emissions to climate impacts starts with emissions increasing 
atmospheric GHG concentrations, causing radiative forcing, 
leading to temperature increase and other climate impacts such 
as droughts and storms. There is no one metric that captures all 
these effects along the impact pathway; thus, it may be relevant 
to apply several different metrics to improve understanding of 
the factors that influence the outcomes and the sensitivity of 
results to alternative metrics. The UNEP-SETAC guide (2016) 
and ISO 14067 (ISO 2018) recommend applying both GWP100 to 
capture the shorter-term effects related to the rate of tempera-
ture change and GTP100 as a proxy for the long-term tempera-
ture rise. In a comparison of 15 metrics (Brandão, Kirschbaum, 
and Cowie  2024), Climate-Change Impact Potential scored 
highest because it reflects three different aspects of climate-
change impacts (future temperature, rate of warming and 
cumulative warming); so it was considered the most suitable 
metric for comprehensively evaluating climate effects of differ-
ent policy options involving bioenergy, reflecting climate im-
pacts of timing of emissions and removals.

3.6   |   Non-CO2 GHGs and Other Climate Forcers

In addition to the impact from emissions and sequestration of 
CO2, bioenergy systems can affect climate through non-CO2 
GHG emissions (e.g., CH4 from anaerobic degradation of biomass, 
N2O from soil) and non-GHG climate forcing processes. Biomass 
combustion, especially in traditional cookstoves, can emit black 
carbon (Garland et al. 2017; Shen et al. 2020). As organic aerosols 
emitted from trees have a cooling effect (Szopa et al. 2021), harvest 
of forests for bioenergy or wood products could increase warm-
ing. Effects on evapotranspiration and aerodynamic resistance 
also influence air temperature impacts of biomass crops (Wang 
et al. 2021). Biomass production can affect land surface albedo 
(e.g., Georgescu et al. 2011; Loarie et al. 2011) and could impact 
cloud formation and reflectivity, affecting global radiation bal-
ance. Forest harvest in high latitudes or altitudes with snow cover 
can increase albedo, reducing global warming (Bright et al. 2015). 
In some circumstances, this effect is substantial, counteracting 
warming impacts of reduction in forest carbon stock and black 
carbon emissions (Bright et  al.  2011; Arvesen et  al.  2018). It 
should be noted that there are substantial knowledge gaps and 
uncertainties related to the complex interactions between bio-
geochemical and physical climate forcers (Szopa et  al.  2021). 
Current methods for calculating climate impact of bioenergy gen-
erally omit the effects of albedo and short-lived climate forcers. 
As impacts of short-lived climate forcers vary spatially, no single 
metric is universally applicable for quantifying these effects, but 
methods are under development (Kalliokoski et al. 2019), and a 
Methodology Report on Short-lived Climate Forcers is due to be 
published by the IPCC in 2027.

3.7   |   Assessing the Climate Effects of BECCS

Assessing the climate effect of bioenergy with carbon capture 
and storage (BECCS) presents additional analytical complexities, 

particularly with respect to the choice of functional unit and 
handling of co-products. Emissions from CO2 capture, trans-
port and storage processes need to be included. BECCS facilities 
can take several forms, including the capture of flue gas from 
bio-electricity or combined heat and power production plants 
(e.g., Sathre et  al.  2017). CO2 can be captured from high con-
centration CO2 streams released in biorefinery processes, such 
as fermentation in ethanol production (e.g., Dees et  al.  2023; 
Cobo et al. 2023). Biogenic CO2 can also be captured from ex-
isting pulp and paper mills with large point-source emissions 
(Onarheim et al. 2017). BECCS produces an energy product (e.g., 
electricity, heat, ethanol, biogas, hydrogen), sometimes other co-
products (e.g., DDGS and corn oil, in the case of corn ethanol 
with CCS) and delivers the service of carbon dioxide removal 
(CDR) when the CO2 captured is stored in geological formations 
or other durable storages, for example, through mineralisation.

There are instances in the literature where the entire life cycle 
emissions of a BECCS system have been attributed to the CDR 
function (e.g., Fajardy et  al.  2019; Smith et  al.  2024; Galik 
et al. 2023; Brander et al. 2021), leading to the conclusion that 
GHG emissions of BECCS can outweigh removals. For exam-
ple, the life cycle emissions of corn ethanol with CCS across the 
entire supply chain (corn production, ethanol production, CCS 
processes) can exceed the C removal (Dees et al. 2023). However, 
the GHG emissions of a BECCS system should be shared among 
all functions of this multifunctional process, applying funda-
mental LCA principles and standard procedures, using alloca-
tion in ALCA, or applying credits for all displaced products in 
system expansion (CLCA) studies (see Section 3.2.2).

The appropriate functional unit for a BECCS process depends 
on the purpose of the assessment. In a study comparing en-
ergy options, emissions per unit of energy product or service is 
the appropriate measure. To enable comparison between CDR 
options, the relevant measure is emissions per unit of CDR, 
for example, per ton of CO2 captured and durably stored. It 
may also be relevant to consider the net GHG balance per unit 
biomass to compare alternative uses of biomass for energy or 
material substitution, or to quantify the CDR per unit land 
area to compare BECCS based on biomass crops with CDR 
through reforestation (see Section 3.1). In a CLCA approach, 
the avoided emissions from the energy product and other co-
products would be credited to the CDR function to derive the 
emissions per unit CDR. Alternatively, the CDR and other co-
products could be credits to the BECCS energy in a CLCA with 
an energy function. In ALCA, the system could be subdivided, 
and the emissions associated specifically with the CCS pro-
cesses (CO2 capture, transport and injection) allocated to the 
CDR. Alternatively, allocation could be based on the carbon 
content of the co-products or economic value. In the exam-
ple of BECCS via corn ethanol mentioned above, when the life 
cycle emissions are shared between the co-products of the pro-
cess (ethanol, DDGS, corn oil and CDR) on the basis of C con-
tent, the emissions from CDR are one tenth of the C removal 
(calculated from Dees et al. 2023).

Given that BECCS is only beginning to be deployed commer-
cially but is anticipated to play an important role in achieving 
climate stabilisation (IPCC 2022), prospective LCA is pertinent. 
BECCS could profoundly influence the climate mitigation effect 
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of harvesting forests for bioenergy and materials by avoiding the 
immediate or end-of-life release of harvested biomass carbon to 
the atmosphere (while biomass re-grows) (Forster et al. 2021). 
However, due to the large energy demand of CCS, net energy 
displacement could be reduced (unless displaced fossil energy is 
also assumed to be fitted with CCS (Styles et al. 2022)). Careful 
identification of appropriate (displaced) energy sources is thus 
particularly important and could be informed by IAM-LCA cou-
pling or by energy system modelling.

4   |   Discussion and Recommendations

Quantifying the climate effects of bioenergy is a complex en-
deavour, and care needs to be applied when selecting the meth-
ods and interpreting the results. Bioenergy systems differ in 
biomass source (crop or forest systems, yield, co-products, bio-
mass properties), supply chain processes (transport method 
and distance, pre-processing) and conversion process (tech-
nology, scale), so results are context-specific. Relevant, up-to-
date, and unbiased assumptions for technical performance 
must be applied. Methodological choices influence the results 
and conclusions dramatically (e.g., Brandão 2022; Piccardo and 
Gustavsson 2021). These choices should be made carefully, ac-
cording to the goal and scope of the study, and clearly stated and 
justified. Importantly, the interpretation of the results should be 
aligned with these choices.

Key decisions relate to

•	 Choice of spatial and temporal boundaries; sectors included 
(forestry/agriculture, energy, building, animal feed); refer-
ence scenario (energy system and land use);

•	 Climate forcing factors considered; metric used to quan-
tify climate effects (GWP, GTP) and application of impact 
assessment methods that may explicitly consider timing of 
emissions and removals;

•	 Modelling approach (attributional LCA or consequential 
LCA applied at product scale; sectoral modelling, for ex-
ample, energy system based on national borders; integrated 
assessment modelling at global scale);

•	 Assumptions about future trajectories of energy technology, 
energy demand, land use, competition for biomass, bearing 
in mind population patterns, development pathways, effec-
tiveness of climate change policies, that determine back-
ground anthropogenic GHG emissions.

Climate effects of bioenergy are often assessed using LCA fo-
cused at the product level. For LCA studies, it is critical to cap-
ture all direct emissions in the supply chain and to assess the 
net benefit with respect to a plausible counterfactual, including 
reference land and energy systems. Indirect and non-GHG im-
pacts should ideally be included. For product labelling or to as-
sess compliance with scheme thresholds for emissions savings, 
indirect effects are often considered ‘out of scope’ due to being 
beyond the control of the individual economic operator; their 
omission has deficiencies but might be adequate if the scheme 
eligibility rules have been developed from studies that take indi-
rect effects into consideration.

For policy-makers, the critical issue is whether the expansion 
of bioenergy will facilitate or hinder capacity to meet goals to 
stabilise the global climate, preventing warming in excess of 
2° (or 1.5°). The answer will depend on how bioenergy incen-
tives affect carbon stocks in vegetation and soil directly and 
indirectly, how they influence fossil fuel consumption and 
emissions and the transition of the energy system, and whether 
they leverage CDR via BECCS. The impact on vegetation and 
soil carbon is location-specific, influenced by environmental 
and socio-economic factors (e.g., bioenergy crop, climate, land 
ownership) that determine biophysical and land management 
responses. The impact on fossil fuel emissions will depend 
on how bioenergy availability impacts the use of fossil fuels. 
Importantly, for long-term energy system development and cli-
mate stabilisation, bioenergy incentives may reduce investment 
in new fossil-fuel technology and infrastructure, especially as 
bioenergy, being a storable and dispatchable energy source, can 
be used to stabilise electricity grids and to store energy in several 
forms, enabling greater expansion of intermittent renewables 
(e.g., solar and wind power) (Cowie et al. 2021). The role of bio-
energy in supporting energy system transition is likely to shift 
over time, towards bioenergy for difficult-to-abate sectors such 
as long-distance aviation and marine transportation, and bio-
based products that may still ultimately be used for bioenergy or 
BECCS. The biogenic CO2 emissions from bioenergy could also 
be captured and utilised (BECCU) for products such as e-fuels or 
chemicals together with renewable hydrogen (Rodin et al. 2020; 
Kärki et al. 2018).

Therefore, to inform policy development, a comprehensive anal-
ysis is required, applying a combination of biophysical, climate 
and socio-economic models, including effects on parallel indus-
tries (e.g., wood products, animal feed, energy). Regional scale 
assessments that cover direct and indirect effects in all related 
sectors and consider multiple alternative scenarios are needed to 
provide an understanding of the uncertainties, the likely range 
of outcomes, and the key factors that influence results to sup-
port policy development. Insights from complementary meth-
ods, such as integrated assessment modelling and energy system 
modelling, should also be considered to inform the development 
of policy.

Knowledge gaps that remain to be filled, to enable more accurate 
assessment of the climate impacts of bioenergy and BECCS, in-
clude (i) empirical data on forest product supply and demand and 
land use at a resolution that enables comprehensive analyses of 
alternative scenarios; (ii) studies clarifying how the forestry and 
agriculture and energy sectors respond to socio-economic drivers 
(changing forest product markets, dietary preferences, renewable 
energy policies); (iii) studies quantifying how soil carbon dynam-
ics and forest and crop growth respond to climate change, includ-
ing the effects of increased temperature, changed rainfall, and 
elevated atmospheric CO2 on growth of relevant species and (iv) 
methods integrating biophysical modelling of forest/agriculture 
systems with Earth systems-climate systems modelling, energy 
system modelling and integrated assessment modelling to en-
hance capacity for comprehensive large-scale studies. Such studies 
could investigate, for example, the potential for biomass crop ex-
pansion in conjunction with changes in agrifood systems to con-
tribute to national and global net zero GHG targets, while ensuring 
food security.
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Drawing together the elements described in preceding sec-
tions, we present below the approach recommended to ob-
tain robust and comparable estimates of the climate effects 
of bioenergy systems. Users are encouraged to consider the 
practicability principle (Gustavsson et al. 2000), adopting an 
appropriate balance between rigour and practicability, com-
mensurate with the goal of the study. Ideally, an assessment 
intended to inform policy development or other major deci-
sions in government or the private sector would include all 
these elements.

•	 Clearly specify the question to be answered and the in-
tended application of the results; choose the modelling ap-
proach consistent with these aims.

○	 If the intent is to attribute a share of the climate ef-
fects of human activities to the studied bioenergy sys-
tem, without looking at consequences, additionality or 

indirect effects, apply an attributional LCA approach 
(see the simplified checklist in Figure 4 that contrasts 
the consequential with the attributional approach.)

○	 If the intent is to assess the consequences of a possi-
ble decision to introduce bioenergy or change the use 
of bioenergy, apply a consequential LCA approach as 
follows:

•	 Identify the appropriate land reference system for the bioen-
ergy system being studied:apply the most likely alternative 
land use as a reference system/scenario. Note that the land 
use consequences are often not limited to the land where 
the biomass for the studied bioenergy systems is produced 
but can be far-reaching through market-mediated effects. 
Consider evaluating several alternative reference scenarios 
and convey uncertainty in projections and sensitivity of the 
results to the assumptions.

FIGURE 4    |    Checklist for analysing the climate effects of bioenergy systems using methods consistent with the goal of the study.
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•	 Identify the appropriate energy reference system for the bio-
energy system being studied:apply the alternative energy 
system that most likely reacts to the change caused. Several 
alternatives could be applicable. Note that energy use may 
also change due to the change caused by a decision being 
studied.

•	 Choose spatial system boundaries coherently with the goal 
and scope of the study. Regarding land, this may vary from 
a forest stand/paddock or landscape to national, regional or 
global level, according to the scale at which the results will 
be applied, and the purpose; broader boundaries can cap-
ture the impacts of forest management and integrated land 
use systems.

•	 When appropriate considering the goal and scope of the 
study, apply a method that recognises the impact of the 
timing of emissions and sequestration such as the Climate-
Change Impact Potential method (Brandão, Kirschbaum, 
and Cowie 2024) or Cumulative Radiative Forcing (Sathre 
et al. 2013), or use both GWP100 and GTP100 to capture lon-
ger- and shorter-term effects (Section 3.4.1).

•	 Choose a retrospective or prospective approach according 
to the purpose of the study (depending on whether it is past-
looking or forward-oriented, respectively) (see, e.g., Albers 
et al. 2019)

•	 Quantify carbon stock change in vegetation and soil carbon 
pools over several forest or cropping rotations for short rota-
tion systems, and at least 100 years for long rotation forests

•	 Choose the temporal boundary of the climate impact as-
sessment according to the purpose of the study, acknowl-
edging that the short-term and long-term climate impacts 
can be significantly different; the time horizon adopted can 
substantially influence the conclusions

•	 Choose the functional unit according to the purpose of the 
study. It may be relevant to present the results with respect 
to several functional units (e.g., related to the product, or to 
the biomass used) and in the case of BECCS, emissions per 
unit CDR is also relevant.

•	 For a multi-output system, handle co-products according to 
the hierarchy in Box 2, where possible, use subdivision to 
avoid allocation; otherwise, apply system expansion with 
substitution.

•	 recognising that bioenergy is typically only one component 
of a range of products generated from managed forest or ag-
ricultural systems, consider the flow-on effects of impacts 
on co-products.

•	 Consider all factors that influence land carbon stocks, in-
cluding forest/crop management, as well as natural biotic 
and abiotic drivers (e.g., edaphic, climatic context; distur-
bance events);

•	 commence the analysis at the time that management 
changes in response to experienced or anticipated change 
in bioenergy demand.

•	 Include all climate forcers influenced by the system, that 
is, CO2, non-CO2 GHGs and ideally also aerosols and 

short-lived climate forcers (e.g., black carbon), and changes 
in land surface albedo.

•	 Include indirect effects mediated by market forces that im-
pact land use, energy use, forest/land management and the 
wood products and food/feed sectors.

•	 recognise that a comprehensive analysis of climate impacts 
of bioenergy is complex and subject to significant uncer-
tainties and sensitivities and clearly communicate these un-
certainties and sensitivities in the results.

•	 Include the life cycle inventory data and sufficient detail of 
methods so that the results can be recalculated; for exam-
ple, using a different allocation method or a functional unit.

•	 Note that the result is specific to each situation, so care is 
required in extrapolating and translating to other contexts.

•	 Provide an interpretation of results which is coherent with 
the goal and scope set and the assumptions made.

5   |   Conclusion

To quantify the full climate effect of bioenergy and BECCS, to 
inform policy development and large-scale investment deci-
sions, assessments should apply a whole systems perspective 
that considers the direct and indirect consequences of the ex-
pansion of bioenergy. This approach increases the complexity 
and uncertainty of assessment, compared with attributional life 
cycle assessment that focuses on the supply chain only, but it 
provides a sound basis for robust decision-making. Considering 
biomass for bioenergy as a component of the bioeconomy, stud-
ies should assess the effects of increasing biomass demand on 
carbon stocks in soil and vegetation, due to land use change 
or change in land management, and also include the indirect 
impacts on emissions (positive or negative) due to policy and 
market-driven influences on land use, use of wood products and 
fossil fuel use outside the bioenergy supply chain. The bioenergy 
system should be compared with a realistic and consistent coun-
terfactual (reference system) that includes the reference land use 
and energy systems. The temporal boundary should represent 
forest/land carbon dynamics important for long-term climate 
stabilisation, by modelling over several rotations, and consider 
the trajectory for energy system transition, and short- and long-
term emission reduction and climate stabilisation objectives.

Application of this methodology will support robust context-
specific assessments of the climate effect of bioenergy and 
BECCS systems, and thereby ensure that policy decisions are 
informed by an accurate understanding of the contribution to 
climate change mitigation that bioenergy could make in that 
context. Use of consistent methods and interpretation will facil-
itate comparison between studies.
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